Introduction
[2] Taiwan is one of the most active seismic regions in the world. Historical records indicate more than 12 large (Mw > 6) earthquakes since 1900, including the 1999 Mw 7.6 Chi-Chi earthquake (Figure 1 ) which occurred in Taiwan and resulted in serious damage and causalities in densely populated areas. The newly initiated blind fault system in the coastal plain area is due to the on-going arccontinent collision and increases potential earthquake hazards in the western alluvial plain where it was once considered less of a threat in comparison with other regions of the island. Tainan Tableland is a significant morphological feature of an active growing structure near the deformation front located in SW Taiwan (Figure 2a ). The Tainan City (the fourth largest) with more than 700,000 people is situated on the active structure. Recent research suggests that the Houchiali fault, which located in the east portion of the Tainan Tableland, was an active fault [Lin et al., 2000] . Based on a study of the Holocene sea-level curve and the C 14 dating of driftwood and mollusc samples of coastal sediments, the long-term (Holocene) uplift rate of the Tainan Tableland is $5 mm/yr [Chen and Liu, 2000] . However, the preliminary result of an InSAR (Interferometric Synthetic Aperture Radar) scan revealed a ground motion of 2.8 cm along the radar line of sight toward the satellite during the period of 1996-1998 [Fruneau et al., 2001] . Under constraints of the measurement of only one campaign mode GPS, they pointed out that the displacement vector of vertical and horizontal components are 32 mm/yr and 16 mm/yr respectively in a period of about two years. Their result indicated an uplift rate of $16 mm/yr. A dense GPS network survey and precise leveling mode around the Tainan Tableland was established by the Central Geological Survey in Taiwan. The goal of this study is to characterize the deformation pattern and uplift rate of the Tainan Tableland using the InSAR technique within the constraint of the geodetic measurements.
Tectonic Setting
[3] The tectonic environment in Taiwan is the result of the collision of the Eurasian Plate (EU) and Philippine Sea Plate (PSP). The PSP moves toward the northwest with respect to the stable EU (Penghu Islands) at the rate of 78.7 mm/yr and the polarity of subduction between the EU and PSP flipped near the central part of Taiwan (Figure 1 ). The investigated area of SW Taiwan corresponds to the southern part of a Plio-Pleistocene foreland basin which developed in response to lithospheric flexure due to the tectonic loading of the Central Range orogenic belt [Lin and Watts, 2002] . The westernmost surface exposures of the fold-and-thrust belt reach the boundary between the Foothills region near the Tainan Tableland [Sun et al., 1998; Chen and Liu, 2000] . The Tainan plain can be divided into three major structural grains of different geomorphic features. From the west to the east, there are the Tainan Tableland, the Tawan Lowland and the Chungchou Terrace (Figure 2a) . The major part of the Tainan city is on a 30 m high and N-S elongated tableland that is 12.5 km long and 4 km wide with a N20°E trending axis and shows an east-west asymmetry. Its western slope gently dips westward, while the eastern region is obviously steeper and considered as a fault scarp and is mapped as the Houchiali fault [Chen and Liu, 2000] . The Tawan Lowland has an average altitude of about 6 m above see-level and the elevation increases eastward and gradually merges with the third unit, the Chungchou Terrace, located between Taiwan Lowland and the Western Foothills, the westernmost part of the mountain range of Taiwan (Figure 2a) . The Tainan Tableland, Tawan Lowland and Chungchou Terrace are separated by three major thrust faults: the Tainan fault, Houchiali fault, and Chungchou fault [Chen and Liu, 2000] . The Tainan fault is considered as the outermost thrust and corresponds to the deformation front of the collision of EU and PSP.
3. Differential SAR Interferometry (D-InSAR)
Method and Data
[4] For this study, we applied the InSAR technique with a two-pass approach using the programs ROI and SNAPHU [Chen and Zebker, 2002] . If there is a spatial displacement on the ground between two acquisitions of SAR images from satellite, we can then measure the displacement by taking the interferometry between two images. By subtracting the topography from the interferogram by using the existing digital elevation model (DEM), thus we can get the displacement along a line of sight (LOS) toward satellite. We call the method the D-InSAR (Differential InSAR) technique [Massonnet and Feigl, 1998; Bürgmann et al., 2000] . The satellites ERS-1/2 developed by ESA (European Space Agency) carry the C-band (l ' 5.67 cm) SAR equipment and can monitor the Earth from an altitude of about 800 km with repeat orbit of 35 days and in nearly all weather conditions.
[5] We use the Taiwan 40 m Â 40 m DEM with a 5 m average height accuracy as the topography in Tainan area which shows the average height of 20 m on the Tainan Tableland. The magnitude of the signal of interferograms is strong and controlled by the baseline of satellites. The shorter baseline distance is more suitable for crustal deformation monitoring, whereas the longer baseline is more suitable for DEM generalization; the shorter baseline pair can result in a better signal [Zebker et al., 1997] . We apply InSAR for crustal deformation, and therefore the short baseline selection is needed. During the interferometry process, the phases due to the topography and the curvature of the earth were removed by the Taiwan 40 m Â 40 m DEM and from the precise orbit from the Delft University, Netherlands.
[6] The InSAR data used in this study consist of six SAR images from a descending orbit (track 232, frame 3145) spanning a time interval of four years (1996 -2000) [Fruneau et al., 2001; Pathier et al., 2003] . In the urban area such as the central and northern Tainan Tableland, the phase quality of interferograms is still good enough to detect the crustal deformation in a long time interval (4 years), but in southern Tainan Tableland it is quite poor even for the 2-year pair.
Coordinate Transformation From LOS into 3-D
[7] The deformation detected by D-InSAR is along the LOS to the satellite, both for descending and ascending orbits, which imply only 1-D information. The advantage of our study is to obtain 3-D deformation in combination with precise GPS horizontal displacement, vertical height changes from leveling and LOS of D-InSAR based on geometric relationship. We derive the equations that can transfer coordinates from LOS into the Cartesian coordinate system. Assume that the displacement vector V = (a, b, c), so we need to project V onto the direction of the trace of satellite, denote as (a where f is intersection angle between the trace of satellite and the north; a and b are the projection of displacement of GPS along east and north, respectively. a 0 and b 0 are the projection of V onto parallel and perpendicular the trace of the satellite, respectively. We can now project the displacement onto the LOS,
where Dr is the SRD, which is ideally consistent with the displacement detected by D-InSAR, q is the viewing angle of satellite, h is the vertical displacement, and we can rewrite (2) as,
from (2) and (3) we can derive the relationship between LOS and Cartesian coordinate system and would imply that we can obtain the vertical displacement from the D-InSAR based on horizontal displacement of the GPS data, even though the GPS data is in sparse distribution relative to the very dense data of D-InSAR in an urban area.
Results and Analysis
[8] The five interferograms (B-A, C-A, D-A, E-A and F-A) were obtained and revealed a similarly significant fringe. We selected two D-InSAR pairs (Figures 2b and 2c ) from all five interferograms to illustrate the deformation patterns, and can find that the signal is concentrated in an urban area (the northern Tainan Tableland). The southern part and the eastern edge of the Tainan Tableland, the phase coherence is lost. A phase fringe corresponds to a SRD of about 2.8 cm (a phase variation of 2p radians) along the LOS to the satellite. The gradient of the fringe of pair F-A (1610 days) is more remarkable than pair B-A (910 days), which shows continuous uplift and subsidence in study area. For the profile AA 0 (Figure 2a) , all five interferograms revealed that the SRD trend is uplifted on the Tainan Tableland and relative subsidence on western coastline and Tawan Lowland (Figure 3a) and quite fits the same profile of the topography of the Tainan Tableland (Figure 2a) . The exact location of descent is further east from the eastern edge of the Tainan Tableland.
[9] Rau et al. [2003] used GPS and precise leveling data to detect the surface deformation and earthquake potential of the Tainan Tableland. On the Tainan Tableland, the GPS data showed the average horizontal velocity is $12 mm/yr in a direction of 316°. On the eastern edge of Tainan Tableland and toward eastern side, the average horizontal velocity is $17 mm/yr in a direction of 271° [Rau et al., 2003] . In general, the horizontal velocity on the Tainan Tableland is increasing from west to east at the rate 17$40 mm/yr in a direction of 260°, and the direction of horizontal velocity in the Tainan Tableland is almost perpendicular to the direction of long axis of the Tainan Tableland (N20°E). We adopted GPS horizontal data for the horizontal component constraints to transfer the displacement from LOS into the vertical direction. For ERS-1/2, the viewing angle (q) is between 19°$27°and the direction of descending orbit (f) is N12.5°E, so we substitute these parameters into (3), and we can then obtain the vertical deformation rate along profile AA 0 . The vertical velocity has a decreasing phenomenon near Houchiali fault and another noticeable diminishing on the east of Houchiali fault (Figure 3a) . The velocity also decreased westward on the western edge of the Tainan Tableland and showed a convex shape on the centre of Tainan Tableland with an uplift rate of about 12.48 mm/yr which is slightly larger than the SRD rate. By the precise leveling measurement of 2.41 years (2001 -2003) [Rau et al., 2003] , the average uplift rate is about 11$13 mm/yr on the Tableland (Figure 3b ). The uplift rate decreased to $2.5 mm/yr on the Tawan Lowland. On the Chungchou Terrace, it increased again to 12$17 mm/yr. The results of precise leveling measurements were quite similar as those from D-InSAR observation in the studied area but slightly smaller on the Tainan Tableland.
Discussion and Conclusion
[10] The assessment of seismic hazards of the Tainan Tableland is a crucial topic of concern because of the dense population in Tainan City. The kinematics of structural evolution and the deformation pattern is a fundamental issue to obtain access to this evaluation. Most studies suggested that the diapirism structures occurred onshore and offshore south western Taiwan [Liu et al., 1997; Chen and Liu, 2000] . Thus, Chen and Liu [2000] suggested that the Tainan Tableland can be interpreted as a mud diapiric dome and the Chungchou Terrace as the product of a blind, thrust fault. They pointed out that from the analysis of radiocarbon ages, the long-term (Holocene) uplift rates of these two terrains are about 5 and 7 mm/yr, respectively, whereas there is a subsidence rate of 1 mm/yr in Tawan Lowland. Based the recent geodetic data [Fruneau et al., 2001; Rau et al., 2003] , the short-term uplift rate is obviously larger than the long-term uplift rate deduced from radio carbon dating from the Holocene [Chen and Liu, 2000] . In our study, the average uplift rate on central Tainan Tableland is $13.5 mm/yr related to the westernmost precise leveling benchmark (Figure 3b ). An increasing uplift rate is observed on $2 km east of the Houchiali fault from both the leveling data and D-InSAR observation. It is suggested that the branch of the Houchiali fault may develop eastward to Tawan Lowland. The proposed new back-thrust fault should have a shallower dipping angle than that of the Houchiali fault (Figure 4b) . Except for the pair D-A and E-A, the SRD shows a linear accumulation trend with time (Figure 3a) . In pair E-A the deformation pattern is suddenly increasing on the eastern Tainan Tableland. We consider that this is the result of the remote triggering of the 1999 Chi-Chi Earthquake. (Another pair across the Chi-Chi earthquake showed a similar SRD pattern but is not shown here). However after the earthquake, the deformation became to rebound to the original uplift rate so that we can't find this anomaly in pair F-A.
[11] Our observation of D-InSAR revealed a significant uplift rate of 12$15 mm/yr on the Tainan Tableland and the uplift rate of $2 mm/yr on the Tawan Lowland (Figure 4a ). The gradient of the deformation across the edge of the Tainan Tableland increase dramatically (Figure 2a) , thus a décollement-related ramp and a pop-up model is proposed (Figure 4b ). This pop-up structure is also suggested by the data of seismic reflections, surface geology and subsurface well [Huang et al., 2005] . We conclude that the on-land anticlines and the offshore elongated ridges have an identical tectonic origin with initiation along NE trending folds and thrusts resulted from the movement of the major décolle-ment, which is generated by the collision of two plates.
[12] Based on the 2-D analytical solution [Cohen, 1996] and the inferred fault geometry, the slip rate along the inferred TF is 16 mm/yr, 10 mm/yr along HCF, and 25 mm/yr along the inferred CCF (Figure 4b ). Thus we propose that growing of the Tainan Tableland is mostly resulted from the freely slipping of the TF and the HCF. The locking depth should be located on the deeper part of décollement, eastern of the CCF. In addition, the combination of D-InSAR, GPS data and the precise leveling data reveals that the short-term deformation rate is larger than long-term deformation rate, which implies that a destructive seismic event could occur in the eastern Tainan area. Further work will concentrate on more complete SAR image analysis and the dense GPS survey. 
